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ABSTRACT

Corals are reputed to have low tolerance to salinity fluctuations. Yet the sclerac-

tinian coral Siderastrea siderea commonly inhabits reef zones and nearshore areas

that experience salinity fluctuations of 5 to 10%o. Small colonies of this species were

subjected to both long-term and sudden decreases or increases in salinity. Their rates

of aerobic respiration and photosynthesis, measured as changes in oxygen concentra-

tion, were followed for up to 144 hours after the sudden changes.

Normal salinities of coastal waters near Panacea, Florida, are 28 to 30%o, but S.

siderea was able to acclimate to 42%o when salinity was increased slowly over a 30-

day period. Neither respiratory nor photosynthetic rates of S. siderea were affected by

changes in salinity of less than 10%o above or below the acclimation salinity. Greater

changes in salinity (either up or down) caused decreases in respiratory and photosyn-

thetic rates proportional to the magnitude of the salinity change. Decreases in chloro-

phyll per algal cell and in assimilation number were associated with and possibly

responsible for some of the decreases in photosynthetic rates.

These results show that S. siderea is able to withstand sudden and prolonged,

environmentally realistic changes in salinity without measurable whole-animal

effects. Further studies are needed to determine whether this species is remarkable in

its ability to tolerate salinity change, or whether reef corals are more tolerant to salin-

ity change than is generally believed.

INTRODUCTION

Observations on the distribution and vigor of coral reefs have suggested a relation-

ship between major environmental factors and the physiological well being of herma-

typic corals. In general, coral reefs only flourish within narrow ranges of salinity,

temperature, and turbidity (Wells, 1957; Yonge, 1963; Stoddart, 1969; Connell,

1973; Glynn, 1973). Although there have been a few experimental studies on the

effects of temperature and sedimentation on the physiology of corals, the effects of

salinity remain poorly studied.

Support for the generally accepted relationship between salinity and coral reef

distribution is indirect rather than experimental. Freshwater runoff or heavy rain on

shallow reef flats, or coincident with low spring tides, may lower local salinities and

lead to physiological damage to reef organisms. Excessive rain killed shallow water

biota on reefs in Tahiti (Crossland, 1928) and Jamaica (Goodbody, 1961). Runoff

following such storms may especially damage reefs close to river mouths (Squires,
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1962). The outflow of freshwater from a freshwater lens along atoll margins has been

suggested to limit coral growth on inner reef flats, as observed on Arno atoll

(Hiatt, 1957).

At the other extreme, high salinities resulting from prolonged drought have been

observed to occur in the lagoons of Turneffe Atoll, Belize (Smith, 1 94 1 ). Evaporation
in tide pools during low tides may also cause salinities to rise to stressful levels.

It is generally agreed that most scleractinian corals can survive only small varia-

tions in salinity, with death resulting when salinity drops below 25%o (Edmondson,
1928) or increases above 40%o (Jokiel et al, 1974). The few experimental studies of

the effects of salinity on coral mortality have reported tolerances ranging from lower

limits of 17.5 to 28%o (Vaughan, 1919; Edmondson, 1928) and higher limits of 38.5

to 52.5%o (Wells, 1957; Edmondson, 1928). Kinsman (1964), however, found reefs

growing in salinities of more than 42%o in the Persian Gulf with large heads ofPorites

spp. flourishing at 48%o. Observations of coral reef distribution will provide by infer-

ence information on the salinity tolerances of corals, however, there is a need for

systematic studies on the effects of salinity on corals.

Detrimental effects of salinity on hermatypic corals can occur due to physiological

stress on the coral animal or the corals
1

algal symbionts. The photosynthetic products
of symbiotic zooxanthellae contribute to coral metabolism (Muscatine, 1967; von
Holt and von Holt, 1968). If the symbiotic relationship between coral and algae is

disrupted due to salinity stress, there may be a profound effect on coral metabolism.

Several studies have reported the effects of temperature and light on zooxanthellae

photosynthesis (Clausen and Roth, 1975; Coles and Jokiel, 1 977; Jacques and Pilson,

1980; Jacques et al., 1 983) but similar information on the effects of salinity is lacking.

Goreau ( 1 964) observed that flood waters during Hurricane Flora lowered the salinity

to less than 30%o for more than 5 weeks resulting in mass loss of zooxanthellae by
many reef flat corals.

The objective of this study was to determine the effects of changes in salinity on
coral respiration and photosynthesis. The experimental organism was the hermatypic
coral Siderastrea siderea, which has a wider geographic distribution than most west

Atlantic reef corals. It has been reported as far north as North Carolina (Maclntyre
and Pilkey, 1969) and is common wherever there is shallow hard substrate in the

northeastern Gulf of Mexico. It is abundant on Floridian and Caribbean coral reefs,

especially in shallow reef-flat and back-reef areas where salinity fluctuations are the

greatest (A. M.S., unpub. obs.). In the Florida panhandle area of the Gulf of Mexico,
this species occurs as small nodules 5 to 10 cm in diameter on rocky bottoms near

shore. Salinities in these nearshore areas are usually 28 to 30%o but can drop rapidly
5 to 10%o during periods of runoff(unpub. obs.).

MATERIALSANDMETHODS

Colonies of Siderastrea siderea 4 to 8 cm in diameter were collected from hard-

bottom outcrops located 30 to 40 meters offshore of St. Teresa Beach, Florida, at a

depth of 2 to 3 meters. They were maintained in a recirculating filtered seawater

system in a constant temperature room. The volume of the system was approximately
400 liters of seawater. Water was changed each time a new batch of corals was col-

lected, so that the initial salinity was identical to that at the time of collection. Light-

ing of approximately 100 ^uEin m" 2
s~', measured with a Licor quantum sensor, was

provided by banks of four 40 watt cool-white fluorescent bulbs suspended above the

aquaria. Timers controlled i 12-hour light:dark cycle.
All salinity experiments were conducted at temperatures between 22 and 26C.
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During the winter months when the field temperatures were lower, the corals were

brought to laboratory temperature by slowly raising the temperature a few degrees
each day. Respiration and photosynthesis measurements were made daily until the

laboratory temperature was reached. After one to four days at constant temperature,
the salinity change was initiated. Tests with salinity changes of 30 to 25%o, 30 to 20%o

and 30 to 16%o were done this way. The remaining tests were conducted during the

summer at the temperature at which the corals were collected.

Each salinity test was begun by measuring the rates of aerobic respiration (oxygen

consumption) and photosynthesis (oxygen production) for each coral at the control

salinity (salinity at time of collection). Eight to ten corals and two control chambers
without corals were used in each test. Measurements were made daily for two to four

days before exposing some of the corals to the new salinity. Half of the corals (n
- 4

or 5) were then exposed to the test salinity. A second set of incubations were begun

immediately after, with the experimental group in the test salinity and the control

group remaining at the environmental salinity. Thus, the first measurement of change
in respiration was measured over the first hour after exposure to a new salinity, and

photosynthesis over the second hour of exposure. The corals were later returned to

maintenance aquaria at their respective salinities. Incubations were repeated at 24-

hour intervals for up to a week.

During incubations, daytime respiration measurements were done first by cover-

ing the incubation system with several layers of black plastic sheeting to exclude light.

A second incubation in the light to measure photosynthesis by the zooxanthellae was

begun immediately following the dark incubation. Individual colonies were incu-

bated in plexiglas chambers in a water bath to maintain constant temperature. Incu-

bations lasted from 45 to 60 minutes. The dissolved oxygen concentration (DO) of

the filtered seawater used to fill the chambers was measured and the seawater bubbled

with air if it was less than 95% saturation. Water samples were taken from chambers

at the beginning and at the end of the incubation. DOmeasurements were made

using the Winkler method (Strickland and Parsons, 1 972). Gross photosynthetic rates

(hereafter referred to as photosynthetic rates) were estimated by summing oxygen

production measured in the light with oxygen consumption measured in darkness.

At the end of each experiment, coral tissues were removed from the skeletons

with a jet of filtered seawater from a Water-Pik (Johannes and Wiebe, 1970) and

homogenized. Aliquots of the homogenates were preserved with LugoFs iodine

(Throndsen, 1978) for microscopic determination of zooxanthellae density, or fil-

tered onto glass fiber filters for chlorophyll measurements using a fluorometric tech-

nique (Strickland and Parsons, 1972). Surface areas of each coral were measured by
the aluminum foil method of Marsh (1970), and were used to normalize the oxygen
flux rates of the various sized colonies (McCloskey el a/., 1978). Oxygen flux rates are

reported as the mean (n == 4 or 5) 1 standard deviation. Statistical comparisons
between means for each treatment were done using a two-tailed /-test.

RESULTS

Daytime respiration

All of the respiratory rates reported below for the salinity tests were measured

during normal daylight hours. Before accepting this experimental protocol, we tested

to determine whether respiratory rates measured thus were similar to respiratory rates

measured during normal nighttime hours. The results (Table I) show that respiratory

rates of individual colonies varied by as much as a factor of two. However, for each
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TABLE I

Daytime versus nighttime respiratory rates of individual colonies of Siderastrea siderea

Daytime respiration rate Nighttime respiration rate

Colony number (nmolO 2 cm~2

h~') (nmol O2 cm 2 h ')

1
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FIGURE 1 . Mean (1 S.D.) rates of respiration (A) and gross photosynthesis (B) of colonies ofSider-

astrea siderea exposed to 2C increases in temperature every 24 hours, n = 10.

exposed to salinity changes of 5%o and 7%o was an increase of 61 116 nmol O2 cm 2

h~' (n
=

40), and this mean was not significantly different from zero (t
-- 1.84, P

> 0.05). The mean change in photosynthesis for the same groups was an increase of

151 181 nmol O2 cm" 2
h~' (n

=
40), and this mean change was significantly greater

than zero (/
= 2.48, P < 0.02). The gradual increase over time in photosynthesis by

the control corals could be explained as a gradual adaptation by their zooxanthellae

to higher light levels in the laboratory as compared to the low light levels in the muddy
coastal waters where the corals were collected. These changes (increases) in respira-

tory and photosynthetic rates exhibited by the control corals over the one to five day
experimental periods (Table II) are, in general, small and in the opposite direction to

the more dramatic changes (decreases) in respiratory and photosynthetic rates exhib-

ited by test corals exposed to the larger changes in salinity. In two cases for respiration

(42 to 35%o tests; Table II) and in three cases for photosynthesis (same two plus 42 to
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TABLE III

Zooxcmhellui' density and chlorophyll content of the zooxanthellae of Siderastrea siderea colonies used in

the s, Measurements were madeshortly after the end of each experiment. Control corals are

>.' maintained at normal salinities throughout the test period. Test corals are those

exposed to lowered salinities for the durations listed in Table II.

Zoox.
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FIGURE 3. Plot of the mean change in respiration rate of colonies of Siderastrea siderea after 24

hours of exposure to reduced or increased salinity (Y axis) versus the change in salinity (X axis). Change
in respiration rate was calculated for each coral as the difference between its respiration rate measured 24

hours after exposure and the mean of several measurements made over a 24 to 48 hour period before the

exposure began. The changes in respiration of the control groups were plotted versus the changes in salinity

of their respective test groups rather than opposite a zero change in salinity. The regression line was calcu-

lated using a least squares method; the 5%o salinity change point (0) was omitted from the regression for

reasons explained in the text, n = 4 or 5.

the temperature range that an organism can tolerate, the rate of oxygen consumption
of heterothermic animals is often found to increase in a fairly regular manner with

increasing temperature. The average Qi over the temperature range of 16 to 22C
for the respiration rate of Siderastrea siderea was 1.82, which is similar to the Q10 s

for respiration reported for various coelenterates (Lenhoff and Loomis, 1957; Sass-

man and Mangum, 1970; Mangumet al., 1972). Photosynthesis is also influenced by
temperature in a similar manner. The average Qi for photosynthesis by the zooxan-

thellae of S. siderea was 2.29 for the same temperature range. This compares well

with those found for many plants ( 1 .0-2.7) (Salisbury and Ross, 1969).

Responses to changes in salinity

According to Vernberg and Vernberg (1972), there are several typical physiologi-

cal responses to salinity stress. These include (a) an increase in respiration when sub-

jected to salinity stress (regardless of the direction of salinity change); (b) a decrease

in respiration regardless of direction of salinity change; (c) an increase in respiration

if salinity is lowered but a decrease if salinity is increased; and (d) no change in respira-

tion. In addition, there is often an initial transitory change in respiration after which

a new steady state is achieved.

Siderastrea siderea shows a combination of responses (b) and (d) above, depend-

ing on the magnitude of the salinity change (Fig. 3, 4). Changes in salinity of less than

10%o had no significant effect on respiration, nor, in many cases, on photosynthesis

(response d). Thus, within the environmentally realistic salinity range for this species

5. siderea is able to tolerate sudden and prolonged exposures to fairly large (10%o)

changes in salinity. Changes in salinity greater than 10%o and 9%o caused significant

decreases in respiration and photosynthesis, respectively, regardless of whether salin-
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ity was increased or decreased (response b). There was no initial transitory burst of

respiratory activity within the first hour of exposure to the altered salinity (results in

Fig. representative). Rates remained lower for at least a week during the present

experiments.
ure 3 includes a least-squares linear regression of the change in respiration after

24 hours of exposure to altered salinity versus the change in salinity over that period.

The data from the A5%o test were omitted from the regression because we suspect

these animals of having been incompletely adjusted to the laboratory temperature at

the time the salinity change test began, and simultaneous changes in salinity and

temperature may have a synergistic detrimental effect (Coles and Jokiel, 1978). All

control groups (except for the A5%o one) and the A7%o experimental group had in-

creases in respiration over the 24-hour experimental period. The regression shows

that only salinity changes greater than 10.5%o resulted in respiration depression. If

this coral is an osmoconformer like many coelenterates (Ranklin and Davenport,

1981), its extracellular fluid osmotic pressure will fall or rise with changes in the envi-

ronment. This would lead eventually to cellular swelling or shrinking, and to cell

disruption. But even before such damage is done, the changes in cell size and alter-

ations in internal geometry might disturb cell functions and possibly cause decreases

in metabolic rates (Ranklin and Davenport, 1981). Alternatively, corals could con-

tract their polyps thus reducing their contact with the adverse salinity conditions.

Shumway (1978) has shown that the sea anemone Metridium senile contracts when

exposed to lower salinity. Contraction would (a) decrease gas exchange with the exte-

rior, and thus contribute to lower respiration rates, and (b) reduce the exposure of

the zooxanthellae to light, and contribute to a lower rate of photosynthesis. However,
contraction might have a similar effect on oxygen flux rates regardless of the magni-
tude of the change in salinity. Thus it is not a completely satisfactory explanation for

the linear decrease in respiratory and photosynthetic rates that occurred as the size

of the salinity change increased. No systematic observations on changes in coral be-

havior due to salinity change were carried out. However, casual observations revealed

that S. siderea exposed to high or low salinities sometimes retracted into their skele-

tons for extended periods. Further studies should include experiments on the effec-

tiveness of retraction as an avoidence mechanism in corals, and on the effect of retrac-

tion on the measurement of respiratory and photosynthetic rates.

The ability of this species to acclimate to abnormally high salinities (42%o) shows

that the animal can acclimate to a large net salinity change when the change occurs

slowly, whereas the same salinity change if experienced suddenly might be fatal. As

recovery experiments were not performed, we do not know at what point the depres-
sion in respiration is still reversible upon return to normal salinities, nor whether

acclimation after a sudden large salinity change will occur. In the single longer experi-

ment where salinity effects were found early on (Table II: 28 to 16%o), respiration was
still depressed after 5 days of exposure to the lower salinity.

Figure 4 shows a similar linear regression of change in photosynthesis after 24

hours of altered salinity versus change in salinity. The minimum salinity change that

caused depression in photosynthesis was 9%o which is slightly lower than that required
to cause a depression in respiration. There were also large decreases in the chlorophyll
content per algal cell in all of the test groups where it was measured, except for the

30 to 25%o salinity change group (Table III). The decreases in photosynthesis appear
to have been caused by the combined effect of small decreases in zooxanthellae den-

sity, chlorophyll content per algal cell and, in one case, by a decrease in the assimila-

tion number (oxygen produced per amount of chlorophyll. Table IV). Polyp retrac-

tion also could have played a role as discussed above.
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FIGURE 4. Plot of the mean change in photosynthesis rate of colonies of Siderastrea siderea after 24

hours of exposure to altered salinity (Y axis) versus the change in salinity (X axis). See legend of Figure 3

for further explanation, n = 4 or 5.

In conclusion, respiratory and photosynthetic rates of the coral Siderastrea sid-

erea were not adversely affected by changes in salinity of less than 10%o, although their

chlorophyll content began to decline after changes of 7%o salinity. When exposed to

salinity changes greater than 10%o for 24 hours, respiratory and photosynthetic rates

both decreased regardless of whether salinity was increased or decreased. Linear re-

gressions showed a significant linear relationship between the degree of respiratory
and photosynthetic depression and the magnitude of the salinity change. Finally, it

is important to note that scleractinian corals are generally considered intolerant to

salinity change, yet S. siderea was able to experience rather large ( 10%o) changes in

salinity without any demonstrable effect on respiratory or photosynthetic rates. It will

be interesting to determine whether this species is remarkable in this regard, and thus

suited to live in reef-flat and coastal areas where salinity changes are more frequent,
or whether scleractinian corals are more tolerant to salinity change than is generally
believed.

TABLE IV

Photosynthetic performance by the zooxanthellae of Siderastrea siderea exposed to changes in salinity.

Duration of exposure for each test can be found in Table 11

Salinity
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